The role of medial temporal lobe regions in incidental and intentional retrieval of item and relational information in aging
Intentional memory retrieval is a rich process that involves the conscious recovery of previously experienced events. This phenomenon has been conceptualized in various forms, such as the retrieval of episodic memories (Tulving, 1984) , and is thought to depend on the medial temporal lobe (MTL; Squire & Zola-Morgan, 1991) . The MTL consists of the hippocampus (HC) and parahippocampal gyrus, and recent models -based on differences in anatomy, connectivity, and function -emphasize distinct roles for MTL regions along the longitudinal axis (Poppenk, Evensmoen, Moscovitch, & Nadel, 2013; Ranganath & Ritchey, 2012) . Specifically, anterior HC and perirhinal cortex (PRC) -defined as at, or anterior to, y = -21 in MNI space (Poppenk et al., 2013) -are thought to be more sensitive to item memory (IM), whereas posterior HC and parahippocampal cortex (PHC) are thought to be more critical for context, or relational, memory (RM), such as the association between two items (e.g., word pair) or the association between an item and a spatial location (Ranganath & Ritchey, 2012) .
This distinction between IM and RM can be extended beyond intentional memory retrieval into incidental forms of retrieval (Dew & Cabeza, 2011; Henke, 2010) . The incidental retrieval of previously encountered items or associations can be behaviorally indexed during a cognitive task through speeded responses or implicit measures, such as eye movements (for reviews, see Giovanello & Dew, 2015; Hannula & Greene, 2012) , and the same MTL regions that subserve intentional IM and RM are also thought to support incidental IM and RM (for review, see Henke, 2010) . This assertion, however, remains an open question, as there are also those who propose that MTL primarily mediates intentional forms of memory, whereas other cortical regions subserve incidental forms of memory (Squire & Dede, 2015; Squire & ZolaMorgan, 1991) .
Investigating similarities and differences in the neural substrates of incidental and intentional forms of IM and RM retrieval is particularly important given that one hallmark of healthy aging is a deficit in RM. This deficit has largely been observed in intentional RM (e.g., source or associative memory recognition; M. K. Johnson, Hashtroudi, & Lindsay, 1993; NavehBenjamin, 2000) and is thought to be driven, in part, by a deficit in relational binding (associative deficit hypothesis; Naveh-Benjamin, 2000 (Dew, Buchler, Dobbins, & Cabeza, 2012; Duverne, Habibi, & Rugg, 2008; Morcom, Li, & Rugg, 2007) , and others reporting the opposite pattern (Giovanello & Schacter, 2012; Kukolja, Thiel, Wilms, Mirzazade, & Fink, 2009; Tsukiura et al., 2011) .
The current fMRI study sought to extend these previous findings by 1) specifying the role of MTL regions in incidental and intentional forms of IM and RM retrieval, and 2) clarifying the effect of aging on these neural substrates. Toward this goal, participants incidentally encoded word pairs embedded in sentences; incidental IM and RM retrieval were tested by examining speeded reading of intact (i.e., old association between old items), rearranged (i.e., old items but novel association), and new (i.e., novel association and items) word-pair sentences, and intentional IM and RM retrieval were tested by examining old/new associative recognition of a separate set of intact, rearranged, and new word pairs. Thus, similar to previous studies (e.g., Rugg, Fletcher, Frith, Frackowiak, & Dolan, 1997) , intentional retrieval was assessed using a recognition task that required a purposeful memory search, while incidental retrieval was assessed using a task that did not require intentional memory, yet would still likely elicit the automatic retrieval of previously studied information. In both retrieval tasks, IM was assessed by contrasting rearranged and new trials (i.e., retrieval of old items) and RM was assessed ny contrasting intact and rearranged trials (i.e., retrieval of old associations).
Reaction times (RTs), after removing outliers > 3 standard deviations from the mean, are shown in Table 1 . Responses were quicker for active baseline trials (i.e., reading a row of X's) compared to sentences in both age groups (ts > 2.95, ps < .01), indicating that RTs were a valid measure of reading speed. Behaviorally, we assessed incidental IM as the RT difference between rearranged and new trials, and we assessed incidental RM as the RT difference between rearranged and intact trials ( there were no differences between age groups (ps > .21).
To investigate the neural correlates of incidental and intentional IM retrieval, rearranged and new trials (excluding outliers in the incidental condition and incorrect decisions in the intentional condition) for YAs and OAs were entered into a 2x2x2 (age x retrieval intention x trial type) ANOVA. We focused on the main effect of trial type (i.e., IM retrieval) and interactions with trial type (i.e., interactions with age and/or intention). Two anterior MTL clusters -specifically left PRC (peak MNI coordinates: x = -21, y = -9, z = -39; Cluster Size
[CS] = 6; Z score = 3.63) and right anterior HC (x = 24, y = -18, z = -21; CS = 6; Z = 3.32) -exhibited a main effect of IM retrieval as there was greater activity for new relative to rearranged trials for both age groups during both intentional and incidental retrieval ( Figure 1A ). No suprathreshold clusters exhibited greater activity for rearranged relative to new trials, and no significant interactions were observed. Whole brain results are presented in Supplemental Table   1 .
To investigate the neural correlates of incidental and intentional RM retrieval, we set up a similar 2x2x2 ANOVA, but with intact and rearranged trials (again excluding outliers in the incidental condition and incorrect decisions in the intentional condition). In contrast to IM retrieval, posterior HC appeared to be sensitive to RM retrieval ( Figure 1B) . Specifically, left (x = -24, y = -33, z = -3; CS = 11; Z = 4.95) and right (x = 24, y = -27, z = -12; CS = 40; Z = 4.55) posterior HC exhibited greater activity for intact relative to rearranged trials across both age groups during both incidental and intentional retrieval. Critically, there was also evidence of an age x trial type interaction ( Figure 1C ). An additional left posterior HC cluster (x = -21, y = -30, z = -6; CS = 8; Z = 3.73) yielded greater activity in intact than rearranged trials for OAs relative to YAs during both incidental and intentional retrieval. No suprathreshold clusters had greater activity for rearranged relative to intact trials. Whole brain results are presented in Supplemental Table 2 . Our results illustrate a clear distinction in both age groups between IM and RM; anterior HC and PRC subserved incidental and intentional IM retrieval, and posterior HC subserved incidental and intentional RM retrieval. In addition, posterior HC was over-recruited in OAs during both incidental and intentional RM retrieval. Although we cannot definitively rule out differences in task difficulty as the source of this over-recruitment, behavioral performance was matched and OAs were given ample time to respond. As such, this age difference is unlikely to be driven by task difficulty and certainly not driven by performance differences. Taken together, these results suggest that anterior and posterior MTL regions, respectively, mediate IM and RM retrieval, and further indicate that posterior HC may be differentially recruited in healthy aging during RM retrieval.
Our results are broadly consistent with the notion that anterior MTL supports item representations, while posterior MTL supports context representations (Ranganath & Ritchey, 2012) . First, we observed greater activity for new than rearranged trials indexing both incidental and intentional IM retrieval in anterior HC and PRC. Thus, anterior MTL appears to be sensitive to IM, both when participants are incidentally re-processing previously encountered items and when they are intentionally judging whether these items are old or new. Activity reductions for rearranged relative to new trials may reflect either novelty detection for new items and/or repetition suppression (i.e., familiarity) for old items (Habib, 2001 ). Our results do not allow us to definitively conclude which of these two processes are mediating the IM retrieval effects, although it has been proposed that anterior MTL regions, such as PRC, may support both processes (Fernandez & Tendolkar, 2006) . In either case, our finding is consistent with neuroimaging studies that report activity reductions for old relative to new items during intentional IM retrieval in anterior HC (e.g., Daselaar, Fleck, & Cabeza, 2006; J. D. Johnson, Muftuler, & Rugg, 2008; Suzuki, Johnson, & Rugg, 2011; Vilberg & Rugg, 2009 ) and PRC (e.g., Daselaar et al., 2006; Gonsalves, Kahn, Curran, Norman, & Wagner, 2005; Henson, Cansino, Herron, Robb, & Rugg, 2003; Montaldi, Spencer, Roberts, & Mayes, 2006; Rugg et al., 2003; Vilberg & Rugg, 2009; Wang, Ranganath, & Yonelinas, 2014) , as well as during incidental IM retrieval in anterior HC (e.g., Balderston, Schultz, & Helmstetter, 2011; Ganel et al., 2006; Poppenk et al., 2008; Strange, Fletcher, Henson, Friston, & Dolan, 1999) and PRC (e.g., Ganel et al., 2006; Heusser, Awipi, & Davachi, 2013 ; O'Kane, Additionally, we observed greater activity for intact than rearranged trials indexing both incidental and intentional RM retrieval in posterior HC. This finding is consistent with studies reporting greater activity for old associations in posterior HC during both intentional (Hall et al., 2014; Preston, Shrager, Dudukovic, & Gabrieli, 2004; Prince, Daselaar, & Cabeza, 2005) and incidental (e.g., Hall et al., 2014; Hannula & Ranganath, 2009 ) RM retrieval, and is thought to reflect the reinstatement of previously studied associations (Giovanello, Schnyer, & Verfaellie, 2009 ). Moreover, these patterns were seen in both age groups, indicating that the differential sensitivity of anterior MTL and posterior HC to IM and RM retrieval, respectively, is present in healthy OAs. We do note, however, that there are instances where only anterior (Giovanello, Schnyer, & Verfaellie, 2004; Kirwan & Stark, 2004) or both anterior and posterior HC (Giovanello et al., 2009; Hannula, Libby, Yonelinas, & Ranganath, 2013; Hannula & Ranganath, 2009 ) are recruited during intentional RM retrieval (although, consistent with our results, only posterior HC was recruited for both incidental and intentional RM retrieval in Hannula and
Ranganath (2009)). Thus, it may not be the case that there is a simple dichotomy between anterior and posterior MTL, but rather a continuum (Strange, Witter, Lein, & Moser, 2014) wherein anterior HC is relatively more sensitive to IM and posterior HC is relatively more sensitive to RM. Consistent with this view, our posterior HC clusters extended into anterior HC at a more liberal statistical threshold (p < .005). Moreover, there are methodological differences between our study and those finding intentional RM retrieval effects in anterior HC, such as using cued recall rather than recognition (e.g., Hannula et al., 2013) , or contrasting all associative versus all item trials rather than intact versus rearranged trials (e.g., Giovanello et al., 2004) .
Thus it remains important for future research to examine the conditions under which anterior and posterior HC are recruited during RM retrieval.
One alternative interpretation is that our IM effects in anterior MTL may reflect encoding (of new trials), whereas the RM effects in posterior HC may reflect retrieval. This possibility is consistent with results from a recent meta-analysis (Spaniol et al., 2009 ) and previous studies (e.g., Lepage, Habib, & Tulving, 1998) . However, no suprathreshold clusters exhibited more activity for rearranged than new trials in posterior MTL (i.e., retrieval of old items) and no suprathreshold clusters exhibited more activity for rearranged than intact trials in anterior MTL (i.e., encoding of new associations). Thus, our results suggest that, at the least, posterior HC is most sensitive to RM retrieval (rather than retrieval in general) and anterior MTL is most sensitive to IM familiarity (rather than encoding in general).
Interestingly, although posterior HC appeared to be sensitive to both incidental and intentional RM retrieval in YAs and OAs, we also observed an additional posterior HC cluster that was sensitive to RM retrieval in OAs, but not in YAs. RM performance was equated between YAs and OAs, yet this cluster exhibited age-related increases when assessing both incidental and intentional RM. This suggests that regardless of memory intention, OAs will have difficulty with RM -consistent with the associative deficit hypothesis (Naveh-Benjamin, 2000)
-and the over-recruitment of posterior HC above and beyond the age-invariant effect may either be a direct result of this difficulty (i.e., compensation ; Cabeza, 2002; Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008; Park & Reuter-Lorenz, 2009) , and/or a byproduct (i.e., neural inefficiency; Morcom et al., 2007; Rypma & D'Esposito, 2000) . This over-recruitment may also be related to evidence of decreased posterior relative to anterior HC volume in aging (Driscoll et al., 2003; Raz, 2000) . This finding is consistent with prior studies reporting activity increases in HC in OAs relative to YAs (Dew et al., 2012; Duverne et al., 2008; Morcom et al., 2007) , but it is not entirely clear why our study elicited over-recruitment of posterior HC in OAs relative to YAs, while other studies observed activity reductions in HC in OAs relative to YAs (Giovanello & Schacter, 2012; Kukolja et al., 2009; Tsukiura et al., 2011) . While it is unclear why these studies yielded results inconsistent with our finding, it is notable that, rather than comparing intact and rearranged associative word pairs, these studies either contrasted all associative versus all item trials (Giovanello & Schacter, 2012) or did not use word pairs and tested source or spatial context (Kukolja et al., 2009; Tsukiura et al., 2011) . Thus, this remains an inconsistency that must be fully characterized to understand the role of HC in processes such as neural inefficiency and compensation, and obtaining a better understanding of how OAs may differ from YAs in these different types of RM retrieval is a critical first step.
Notably, we found similar IM and RM effects across both incidental and intentional retrieval conditions, even though we restricted responses to correct decisions in the intentional condition and only excluded outliers in the incidental condition. These results suggest that a In a broader context, our data are consistent with recent proposals emphasizing shared neural correlates for incidental and intentional forms of memory retrieval (Dew & Cabeza, 2011; Henke, 2010) . Additionally, our results also accord with evidence of longitudinal-axis differences in MTL. We found that anterior MTL related to IM retrieval, consistent with its proposed role in item and/or familiarity memory (Ranganath & Ritchey, 2012 ) and global or relative (i.e., rearranged items from two different associations) representations (Poppenk et al., 2013) , whereas posterior HC related to RM retrieval, consistent with its proposed role in recollection and/or context memory (Ranganath & Ritchey, 2012 ) and fine-grained or precise (i.e., reinstatement) representations (Poppenk et al., 2013) . Whether these anterior-posterior distinctions are discrete or continuous (Strange et al., 2014) remains an important question for future studies.
In conclusion, the current study sought to elucidate the role of MTL regions in incidental and intentional retrieval of IM and RM, as well as the effect of aging on these neural substrates.
Our results indicated that -across both age groups and both incidental and intentional retrieval conditions -anterior MTL primarily supported IM retrieval, whereas posterior HC primarily supported RM retrieval. Moreover, an additional posterior HC cluster was sensitive to RM retrieval in OAs, but not YAs, possibly reflecting over-recruitment of HC in support of RM in healthy aging. Together these results indicate that MTL regions differentially support IM and RM, irrespective of retrieval intention, and under certain conditions, may be over-recruited in healthy aging.
Detailed Methods
Procedures were approved by the UNC -Chapel Hill institutional review board. Twentynine YAs and 23 OAs from the university and surrounding communities were recruited and paid for their participation. Three YAs were excluded for excessive in-scanner motion (N=1) and poor behavioral performance (N=2). Four OAs were excluded for excessive in-scanner motion (N=1), The sentences allowed us to control the extent to which YAs and OAs associated the word pairs, as there is evidence that providing OAs with elaborative encoding strategies can ameliorate RM deficits (Giovanello & Schacter, 2012; Glisky, Rubin, & Davidson, 2001 ).
Following informed consent, participants completed three runs of a sentence reading task followed by a single run of an associative memory test in the fMRI scanner. The incidental retrieval task and its encoding task corresponded to the first two runs of the experiment. The third sentence reading run corresponded to the encoding task for the last run: the associative memory test (i.e., the intentional retrieval task). In order to minimize the usage of intentional retrieval strategies in the incidental task, participants were not told that the word pairs corresponded to any sort of memory test and we did not counterbalance the order of the tasks.
In the sentence reading task, participants were presented with word-pair sentences, one at a time, intermixed with active baseline trials consisting of a row of X's (i.e., "XXXX XXXXX XXXXXX XXXXX XXXX"). For both trial types, participants were instructed to press the key on their right index finger after reading the presented trial in its entirety. In the associative memory test, participants were presented with word pairs, one at a time, and prompted to indicate whether they were "previously seen together." The right index finger corresponded to "yes" whereas the right middle finger corresponded to "no." These word pairs were intermixed with active baseline trials consisting of a pair of characters: "&&&&&" and "#####." Their orders were randomized (e.g., "##### &&&&&") and participants were prompted to The two encoding runs contained 36 trials each, half intact at retrieval and half rearranged at retrieval. The two retrieval runs contained 54 trials each: 18 intact, 18 rearranged, and 18 new trials (see Supplemental Table 3 for fMRI condition trial numbers). Each sentence reading or associative memory trial was presented for 6 seconds as initial piloting indicated that
OAs required up to 6 seconds to complete the task, particularly in the intentional retrieval condition. This duration allowed us to minimize any behavioral or neural differences due to increased task difficulty or recruitment of effort in OAs because of inadequate processing time.
Each active baseline trial was presented for 3 seconds. All trial sequences and timings were optimized for fMRI using the optseq2 algorithm (http://surfer.nmr.mgh.harvard.edu/optseq/).
Imaging data were collected on a 3T Siemens Trio scanner with a 12-channel head coil.
Functional images were acquired with a gradient echo-planar imaging (EPI) sequence (TR = 3000ms, TE=23 ms, FOV=192 mm, flip angle=80°, matrix size=64x64). EPI volumes were acquired at an angle parallel to the long axis of the HC and consisted of 46 slices with a 3 mm isotropic voxel size. Additionally, 1 mm isotropic high resolution T1 weighted coplanar structural MPRAGE images were acquired for each participant.
Data were preprocessed and analyzed with Statistical Parametric Mapping 8 (SPM8;
Wellcome Trust Centre for Neuroimaging). After the first two scans of each functional run were discarded, the EPI data for each participant were slice-time corrected using sinc interpolation, realigned using a six-parameter, rigid-body transformation, and coregistered to their respective structural images. The magnitude of the six movement parameters did not statistically differ between YAs and OAs (F[1,43] < 1). The structural images were segmented into separate grey and white matter images that were used with the DARTEL toolbox (Ashburner, 2007) to create average grey and white matter templates. These templates were used to normalize the functional and structural data into MNI space. The normalized EPI data were then spatially smoothed with an 8 mm isotropic full-width at half-maximum Gaussian filter.
Statistical analyses were performed in SPM8 using the general linear model (GLM). A high-pass filter of 128 s and grand mean scaling were applied to the data and serial correlations were modeled with a first-level fixed-effects analysis using a canonical hemodynamic response function with the stimulus onsets serving as event onsets. Intact, rearranged, and new trials from the incidental and intentional retrieval tasks were modeled as conditions of interest. In the intentional retrieval task, these trial types were further broken down into hits and misses for intact trials and correct rejections (CRs) and false alarms (FAs) for rearranged and new trials.
The active baseline was modeled and subtracted from each of these trial types within each run.
Trials in the encoding runs were separately modeled and are considered elsewhere. Additional covariates of no interest included the six motion parameters estimated during realignment, baseline and session effects, and global mean and motion outliers obtained from the Artifact Detection Toolbox (http://www.nitrc.org/projects/artifact_detect/).
Second-level random-effects analyses were conducted in SPM8 on the GLMs and masked with a grey matter mask derived from the mean normalized structural image. Our MTL analysis was further restricted within an MTL ROI defined using the Harvard-Oxford cortical and subcortical atlases in the FSL software package (FMRIB). These atlases provided a probabilistic mask of bilateral HC and parahippocampal gyrus that was thresholded at 20 percent. The family-wise error rate was corrected for multiple comparisons to p < .05 using Monte Carlo simulations with the 3dClustSim program in the AFNI software package (version 16.0.00). This was achieved with a voxel-wide threshold of p < .001 and a cluster size ≥ 6 for MTL and ≥ 23 for whole brain.
In the incidental retrieval condition, IM retrieval was defined as the difference between rearranged and new trials (excluding outliers), whereas RM retrieval was defined as the difference between intact and rearranged trials (excluding outliers). In the intentional retrieval condition, IM retrieval was defined as the difference between rearranged and new CRs, whereas RM retrieval was defined as the difference between intact hits and rearranged CRs. All effects were exclusively masked by higher-order interactions at p < .01 (e.g., main effects were masked by 2-way and 3-way interactions at p < .01). Anterior hippocampus and perirhinal cortex exhibited activity reductions for rearranged relative to new trials during incidental and intentional retrieval for both age groups. (B) Posterior hippocampus exhibited activity increases for intact relative to rearranged trials during incidental and intentional retrieval for both age groups. (C) An additional posterior hippocampus cluster exhibited activity increases for intact relative to rearranged trials during both incidental and intentional retrieval for older but not younger adults. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
